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1Department of Chemistry, James Franck Institute and Institute for Biophysical Dynamics, The University of Chicago, Chicago, IllinoisABSTRACT The conformational heterogeneity of the N-terminal domain of the ribosomal protein L9 (NTL91-39) in its folded
state is investigated using isotope-edited two-dimensional infrared spectroscopy. Backbone carbonyls are isotope-labeled
(13C¼18O) at five selected positions (V3, V9, V9G13, G16, and G24) to provide a set of localized spectroscopic probes of
the structure and solvent exposure at these positions. Structural interpretation of the amide I line shapes is enabled by spectral
simulations carried out on structures extracted from a recent Markov state model. The V3 label spectrum indicates that the
b-sheet contacts between strands I and II are well folded with minimal disorder. The V9 and V9G13 label spectra, which directly
probe the hydrogen-bond contacts across the b-turn, show significant disorder, indicating that molecular dynamics simulations
tend to overstabilize ideally folded b-turn structures in NTL91-39. In addition, G24-label spectra provide evidence for a partially
disordered a-helix backbone that participates in hydrogen bonding with the surrounding water.INTRODUCTIONCrystallographic protein structures often leave the impres-
sion that proteins exist as a unique three-dimensional
arrangement of atoms; however, even well-folded proteins
are soft, dynamic molecules that sample a range of
conformations (1–5). Fluctuations, structural disorder, and
conformational changes on timescales from picoseconds
to seconds are key elements of protein function, including
signaling (6), allostery (7), enzyme catalysis (8), recognition
and binding (9,10), and protein-protein interactions (11).
Even so, the role of conformational diversity remains under-
appreciated as rapidly-interconverting structures are still
invisible to most experimental techniques. NMR, in addition
to its accepted role in protein structure determination, has
also provided key insights into protein dynamics (8,12).
For example, NMR has revealed the importance of entropic
contributions from side-chain fluctuations in defining the
relationships among protein folding, stability, and function
(9,13,14). Single-molecule methods have provided access
to the kinetics of large-amplitude conformational changes
on millisecond-to-second timescales (15,16). Recently,
ultrafast two-dimensional infrared (2D IR) spectroscopy
has emerged as a powerful technique to observe fast confor-
mational dynamics (17–22).
In an effort to experimentally characterize confor-
mational variation in a folded protein, we have made use
of amide I 2D IR spectroscopy to investigate the native state
ensemble of the 39-residue N-terminal domain of the L9
protein (NTL91-39), shown in Fig. 1 (23,24). The 2D IRSubmitted October 8, 2014, and accepted for publication December 19,
2014.
*Correspondence: tokmakoff@uchicago.edu
Editor: H. Jane Dyson.
 2015 by the Biophysical Society
0006-3495/15/04/1747/11 $2.00line shapes capture a snapshot of the three-dimensional
structure of the backbone ensemble with picosecond resolu-
tion, free of motional averaging (17,25). Site-specific struc-
tural information is obtained by isotope-labeling of specific
backbone carbonyls. A single 13C¼18O replacement shifts
the frequency of a residue, isolating it from the remaining
backbone absorption band. The measured vibrational
frequencies of the label, determined by hydrogen bonding
to the oxygen, are thereby sensitive to the type and strength
of a hydrogen bond as well as fluctuations and solvent
exposure. Pairwise labeling is sensitive to the vibrational
couplings between two residues (20,26,27). Strong electro-
static interactions between hydrogen-bonded pairs produce
large couplings that red-shift (decrease) the vibrational
frequency. For NTL91-39, we incorporate
13C¼18O isotope
labels on the peptide unit following the side chain at five
sites in different regions of the protein: V3 (b-sheet),
V9 (b-turn), V9G13 (b-turn dual label), G16 (b-strand,
solvent-exposed), and G24 (a-helix).
A detailed molecular interpretation of these measure-
ments emerges from structure-based spectroscopic model-
ing. An atomistic molecular structure is translated into a
2D IR spectrum using a semiclassical model for the coupled
amide I dipoles of the backbone that maps the molecular
electric field acting on the C¼O bond to vibrational
frequencies. Dipole-dipole interactions between peptide
groups determine the strength of the couplings. Structural
variation can be tested by averaging over an ensemble,
which can influence linewidth and intensities. As a basis
for characterizing structural heterogeneity, we make use of
a Markov state model (MSM) that groups conformers
from a molecular dynamics (MD) simulation based on ex-
change kinetics, forming a convenient basis for comparisonhttp://dx.doi.org/10.1016/j.bpj.2014.12.061
FIGURE 1 (a) Cartoon representation of the crystal structure of
NTL91-39 K12M (Protein Data Bank 2HBA). (Red, yellow, and green
colors) The a-helix, the b-sheet, and the b-turn regions, respectively. The
amide units with 13C¼18O isotope labels are indicated on the structure.
(b) Rotated view showing the G16 label as well as the V9 and G13 labels
in the b-turn region. To see this figure in color, go online.
1748 Baiz and Tokmakoffbetween MD simulations and experiments (28–30). The
combination of isotope-edited 2D IR spectroscopy, MSMs,
and spectral simulations that is used here has recently
been used to characterize conformational variation and
folding in b-hairpins and b-turns (26,31).MATERIALS AND METHODS
Isotope labeling and peptide synthesis
Isotope replacement reactions were carried out following a previous proto-
col (32). Briefly, 13COOH-labeled FMOC-glycine and valine (Cambridge
Isotope Laboratories, Andover, MA) were dissolved in a 6:1 mixture of
dioxane: H2
18O, acidified with acetyl chloride and refluxed under a nitrogen
atmosphere for ~24 h. Once the reaction had reached completion, the
solvent was removed by lyophilization and the product recrystallized
from a mixture of dichloromethane and n-hexanes. Enrichment ratios
of >95% and >99% for Gly and Val, respectively, were confirmed by elec-
trospray ionization mass spectrometry. Peptide samples (sequence: NH2-
MKVIFLKDVKGKGKKGEIKNVADGYANNFLFKQGLAIEA-CONH2)
were synthesized at the Swanson Biotechnology Center (Koch Institute
for Integrative Cancer Research at MIT, Massachusetts Institute of
Technology, Cambridge, MA). After HPLC purification, samples were
triply lyophilized from D2O (~1 mg/mL) in order to remove residual
trifluoroacetic acid and exchange labile protons. Circular dichroism was
carried out on the unlabeled sample to confirm proper folding.Biophysical Journal 108(7) 1747–1757Sample preparation and 2D IR spectroscopy
Peptide samples were reconstituted in 10 mM MOPS buffer in D2O with
100 mM NaCl. The final concentration was kept <5 mg/mL to minimize
aggregation. The pH (raw reading, uncorrected for isotope effect) was
adjusted with DCl to 2.2 5 0.1 to protonate all side-chain carboxylates
and prevent spectral overlap with the isotope labels by blue-shifting
the C¼O stretches. Samples were held between two 1-mm CaF2 windows
separated by a 50-mm Teflon spacer in a temperature-controlled cell at
24 5 0.1C. Based on the thermodynamic parameters of Horng et al.
(24) we estimate a 6–10% unfolded population under these experimental
conditions. Because NTL91-39 is prone to aggregation, samples were dis-
carded when aggregation was detected as a sharp IR band at 1612 cm1,
where the detection threshold was ~3% of the molecular concentration.
Sample solutions were either prepared fresh or were flash-frozen in liquid
nitrogen and stored at 20C.
The custom-built 2D IR spectrometer was described previously in Khalil
et al. (33). In short, spectra were collected in the parallel (ZZZZ) polariza-
tion condition. The population time (t2) was set to 150 fs, and the coherence
time (t1) was scanned to 2.4 and 1.8 ps in 4 fs steps for rephasing and
nonrephasing, respectively. Because no off-diagonal features are observed
in the isotope-label region, only diagonal slices of the 2D IR spectra are
analyzed. Diagonal cuts are offset by þ12 cm1 along the detection axis
(u3), corresponding approximately to the ridges of maximum intensity in
the two-dimensional peaks. Spectra were phased by minimizing differences
between the u3 projections of the 2D IR spectra and pump-probe spectra
in the main amide I band region. The u3 offset of the labeled peaks is
likely due to a small phase mismatch between the main band and the
low-frequency isotope region or slight miscalibration of the detection
frequency. Unfortunately, the low signal of the isotope labels in the
pump-probe spectrum was not sufficient to reliably phase the spectra using
the isotope peaks. To compare the intensities of the different labels, 2D IR
spectra are corrected for the spectrum of the pulses and normalized to the
maximum intensity of the main amide-I band.MSM and spectral simulations
The MSM and spectral simulation methods are described in Baiz et al. (34).
In summary, the MSM was built from ~2 ms of MD trajectories carried
out on the K12M mutant of NTL91-39 by Lindorff-Larsen et al. (35). The
full MSM can be generally partitioned into two ensembles: states with
low root-mean-square deviation (RMSD) (0–5 A˚) to the crystal structure
(Protein Data Bank 2HBA) that we call native states, and a set of
high-RMSD disordered states (RMSD ~ 5–20 A˚) that are separated by a
~2 kcal/mol free-energy barrier (see Fig. 8 in Baiz et al. (34)). Approxi-
mately 140 Markov states fall into the native state ensemble, and because
the focus of the article is to characterize the heterogeneity of this ensemble,
spectral simulations are carried out using the 140 lowest-RMSD states of
the full 727-state MSM.
Because the backbone in the native state is heterogeneous, we use the
term ‘‘folded state’’ to refer to residues in crystal-structure-like configu-
rations primarily defined by their 4/j angles and hydrogen-bonding
patterns. ‘‘Disordered state’’ refers to local backbone configurations
showing solvent-exposed residues, which in the crystal structure appear
in stable protein-protein hydrogen bonds. Specifically, 75% of the native
population in the MSM has RMSD within 1 A˚ of the crystal structure.
However, it is important to consider that because the ensembles retains
most of the native secondary structure, both folded and disordered config-
urations belong to the native-state ensemble.
Amide I spectra were calculated using a mixed quantum-classical model
that maps parameters from an MD simulation to a local mode Hamiltonian
that describes the amide I spectroscopy (36). Position-restrained trajectories
were launched from five randomly selected configurations of each Markov
state (1 ns, 2 fs steps, snapshots saved every 1 ps, SPC/E water, OPLS/AA,
using the software GROMACS, Ver. 4.5.1, www.gromacs.org). For each
Structural Disorder of Folded Proteins 1749starting structure, 1000 protein and solvent configurations were converted
into local amide I Hamiltonians. Diagonal elements (or site energies)
were obtained by mapping the electric field and potential at each residue’s
N, H, C, O positions into a frequency and transition dipole moment using a
map parameterized by Jansen et al. (37,38). Uniform60 cm1 shifts were
applied to site energies corresponding to 13C¼18O labeled units in the
Hamiltonian matrices. Off-diagonal terms (couplings) were computed
from 4/j maps for adjacent residues and a transition charge-coupling
model for the remaining interactions. Static 2D IR spectra were computed
by diagonalization of the Hamiltonian matrices followed by numerical
sums over Liouville pathways (39). Spectra were computed as a popula-
tion-weighted sum over the 140 Markov states. Equilibrium populations
were extracted from the first eigenvector of the full MSM as described
previously in Lindorff-Larsen et al. (35).RESULTS
Energy landscape of the native-state ensemble
Fig. 2 shows a network diagram of the 140-state MSM for
the native ensemble. States are represented by nodes, which
are color-coded by the all-atom RMSD to the crystal struc-
ture as well as by the energy of the states extracted from the
populations of the full MSM. Node sizes are proportional to
the number of connections to other nodes, and the thickness
of the connecting lines represents their relative interconver-
sion probabilities. Although some states do not appear to be
connected to other states in the network, in the full MSM
they are connected to disordered states that are not included
in this plot (34). A few low-RMSD states display multiple
connections whereas most states have a small number of
connections. This is referred to as a ‘‘kinetic hub topology’’,
where low-RMSD states act as hubs for channeling flow
through the network (40,41). Each node is, on average, con-
nected to 5.2 other nodes. The top three nodes, which are
also the lowest-RMSD states, have degrees of 118, 108,
and 71, while high-RMSD nodes are only connected to a
few others. From an energy landscape perspective, these
kinetic hub states represent a set of lowest energy minima,
thus interconversion between states in the ensemble is
funneled through these few lowest-RMSD states. The
second map, color-coded by pseudo free energy, shows
that most of the population resides in low-RMSD states,
with a sparse population in the high-RMSD regions. Morespecifically, 66% of the total population resides within
the four most populated states, with the remaining 34%
distributed over 136 states. These structurally similar states
represent the mean folded structure of the protein.
These four lowest-RMSD states, labeled A–D, are similar
in structure but represent distinct minima in the energy land-
scape. The four states are within 1.5 kT of each other at the
simulation temperature. Structural differences between
these states are reflected primarily in the side-chain config-
urations. For example, in state A, the V9 (b-turn) forms
hydrophobic contacts with L30 (a-helix) and F5 (b-sheet),
whereas V9 in the state B site is partially solvent-exposed.
From the perspective of the backbone, these four configura-
tions display very similar protein-protein hydrogen-bonding
patterns, and only small differences in 4/j angles. Spec-
troscopically, these low-RMSD states appear virtually
identical, thus we refer to these as folded structures. None-
theless, differences in these structures suggest that the
hydrophobic core of NTL91-39 is markedly heterogeneous
and dynamic.Amide I isotope spectra: experiment
Fig. 3 shows a comparison of experimental and simulated
2D IR spectra of the unlabeled and five different isotope-
labeled samples in the 1560–1620 cm1 region in which
the isotope-labeled peaks appear. Above 1600 cm1 the
onset of the main amide I band is observed. The antidiago-
nal widths are similar for all labels and no cross-peaks are
observed between the label and the main band. Therefore,
the essential information is captured by the diagonal slices
of the 2D IR spectra along the positive peak, as illustrated
in Fig. 4. Fourier transform infrared spectroscopy (FTIR)
spectra for these samples were uninformative because,
except for V3, the low-amplitude label peaks are difficult
to distinguish from the strong sloping background in this
region.
The spectrum for V3 is typical of what one expects for
the 7–15 cm1 linewidth and Gaussian line shape for a sin-
gle conformer (26). Remarkably, the other spectra exhibit
asymmetric line shapes with widths exceeding 20 cm1.FIGURE 2 (Left) Network plot of the Markov
state model for the native ensemble of NTL91-39.
The states are color-coded by RMSD to the crystal
structure. The node size encodes the degree, or
number of connections to other states, of each
state. (Dashed circle) Registry-shifted states (34).
(Center) Structure overlay of the four highest
populated states. The main differences are ob-
served in the b-turn region. (Right) Nodes color-
coded by the pseudo free energy of native states
F ¼ ln(P), where P denotes the respective popu-
lations in the full MSM. To see this figure in color,
go online.
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FIGURE 4 Diagonal slices of 2D IR spectra along the peak maxima in
the isotope-label region (see Fig. 3). (Top) Experimental spectra. (Circles)
Interpolated 2D IR data; (solid curves) dual Gaussian fits to the data as
shown in Table 1. Gaussian center frequencies are indicated below each
peak. All spectra are normalized to the maximum amplitude of the main
amide I band. (Bottom) Simulated diagonal slices of the 2D IR spectra
for the same labels. The G13 label (dashed curve) does not appear in the
experimental spectrum, but it is included for comparison with V9 and
V9G13 experimental curves. To see this figure in color, go online.
FIGURE 3 Two-dimensional infrared spectra in the label region of the
five different isotope labels of NTL91-39. (Dashed lines in the experimental
spectrum) Positions of the diagonal slices. To see this figure in color,
go online.
TABLE 1 Gaussian fit parameters corresponding to the
experimental label spectra (Fig. 4)
Label
1750 Baiz and TokmakoffFor comparison, the average frequency downshift induced
by a single hydrogen bond to a backbone carbonyl is
~16 cm1 (42). Shoulders appear on the red or blue side
of the main peaks, indicating the presence of two or more
partially overlapping peaks that arise from spectroscopically
distinct structural ensembles. Experimental 2D IR diagonals
are fit to a sum of Gaussians (Fig. 4, solid curves),
fitðuÞ ¼
X3
i¼ 1
Aie


ðuuc;iÞ
si
2
;
where Ai, uc,i, and si, represent the amplitude, center
frequency, and peak width, respectively (see Table 1). Parameter V3 V9 V9G13 G16 G24
A1 3.3E-02 2.2E-01 2.5E-01 8.5E-02 4.0E-02
uc,1 (cm
1) 1572 1577 1573 1580 1572
s1 (cm
1) 8.2 11.1 10.8 13.9 9.0
A2 4.4E-01 4.8E-02 6.6E-02 4.6E-02 4.9E-02
uc,2 (cm
1) 1593 1592 1587 1590 1587
s2 (cm
1) 7.8 6.7 7.5 7.6 9.9Label spectra are well fit to a sum of two Gaussians with
a third component representing the band above 1600 cm1.
Coincidentally, the 12–15 cm1 separation observed
between the band centers approximately corresponds to
the shift arising from the formation of a hydrogen bond.
Also, the linewidth of the lower frequency band broadensBiophysical Journal 108(7) 1747–1757relative to the high-frequency band, as expected for a
solvent-exposed carbonyl.
The features observed in experimental spectra are as
follows.
UL
The unlabeled NLT91-39 spectrum shows no peaks in the
label region except for a small feature near 1565 cm1,
Structural Disorder of Folded Proteins 1751most likely because of residual deprotonated carboxylate
groups (pKa ~4–4.5). The spectrum is included to demon-
strate the flat baseline and excellent solvent background
suppression of 2D IR. The onset of the main amide I
band from the unlabeled vibrations can be observed
above 1600 cm1. Note that the clean baseline observed
in the UL spectrum eliminates the need for background
subtraction.
V3
The V3 spectrum shows an intense, narrow peak centered
around 1593 cm1 along with a low-amplitude peak near
1572 cm1. The narrow peak indicates that V3(C¼O) is
held rigidly in place by a single strong hydrogen bond across
the b-strands. V3 is located in a largely hydrophobic patch
of the protein with minimal solvent exposure.
V9 and V9G13
The V9 spectrum shows two peaks centered around 1577
and 1592 cm1 with 82 and 18% amplitude ratios, respec-
tively. The V9G13 spectrum contains similar features
compared to V9 that are red-shifted to 1573 cm1 and
1587 cm1, but with lower intensity on the blue side and
higher intensity on the red side of the band. The increase
in intensity is consistent with vibrational coupling between
the two residues that results from a pair of hydrogen bonds
in the folded b-turn conformation.
G16
The G16 spectrum exhibits broad bands with significantly
lower intensity compared to the V3, V9, and V9G13 labels.
G16 is located in flexible, highly solvent-exposed regions
of the backbone in which G16 carbonyl remains fully sol-
vent-exposed even in the crystal structure (Fig. 1), partially
accounting for the observed broader, low-intensity bands.
G24
The G24 spectra display two low-intensity broad peaks,
suggesting some heterogeneity in this region. The low
intensity of the peak in the simulations (Fig. 4) also point
to a disordered and solvent-exposed region.Amide I isotope spectra: simulations
In comparing experimental and simulated spectra, there are
a number of qualitative similarities and some notable differ-
ences. For example, the lower intensity of the G16 and G24
labels compared to V3, V9, and V9G13 is successfully
captured by the model. Relative intensities of the peaks
and the red shift of V9G13 relative to V3 are qualitatively
reproduced, but linewidths and peak frequencies are not
consistent with experiment. It is important to note that
the electrostatic map reproduces the label frequencies
and line shapes only qualitatively. Maps provide a means
to interpret relative intensities and frequency shifts fordifferent structures including protein-protein contacts and
protein-water hydrogen bonding, but at present cannot
provide absolute frequencies or intensities. Aside from
this specific shortcoming of the spectral models, discrep-
ancies also arise from structural differences between MSM
and the experimental ensembles and thus form the basis
for critically evaluating populations in the MSM and exper-
imental ensembles.
UL
Similar to experiment, the unlabeled spectrum shows
a smooth baseline with only a small dip in the 1600–
1610 cm1 region.
V3
The V3 label shows a strong, narrow peak, qualitatively
similar to experiment. This reflects the single hydrogen
bond in the b-sheet, the high backbone rigidity, and stability
at this position, and a single spectroscopically distinct state
of the backbone. The negative component on the red side of
the main band is due to the interference between the positive
and negative peaks in the 2D IR spectrum (Fig. 3).
V9, G13, and V9G13
These labels report on the flexibility of the disordered loop
region. G13 is included in the simulations to help interpret
differences between the V9 and V9G13 experimental
spectra. Similar to experiment, V9G13 is red-shifted relative
to V9. However, the V9 frequency appears close to that of
V3. Interestingly, V9 and G13 display virtually identical
peak frequencies and intensities; but V9G13, the dual label,
is red-shifted with respect to the individual labels. The shift
is attributed to vibrational coupling through a dipole-dipole
interaction. Coupling splits the local modes into a red-
shifted mode in which the carbonyls oscillate out-of-phase
and carry most of the band intensity, and a weak, blue-
shifted, in-phase mode. Finally, because the simulated bands
are broader compared to experiment, the two peaks are not
distinguishable in the simulations. In the next section,
we present a more rigorous structural interpretation of the
b-turn spectra.
G16 and G24
These two labels show broad, low-amplitude peaks that can
be attributed to a high degree of solvent exposure at these
residue positions. The separation between high- and low-
frequency peaks seen in experimental spectra is not present
in the simulations, likely due to a combination of spectral
overlap between the broad peaks and, as discussed below,
because the MSM may not fully capture the structural
ensembles present in the experiment. To characterize the
structures that give rise to the distinct peaks in the G24
spectra, we decompose the MSM into different hydrogen-
bonding environments near the first turn of the a-helix
and compare their spectral signatures.Biophysical Journal 108(7) 1747–1757
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b-turn configuration
The two peaks observed in the experimental V9 and V9G13
spectra alone provide strong evidence for two distinct b-turn
ensembles, but spectral modeling based on the MSM de-
livers more detailed structural insight. MSM configurations
reveal two different ensembles: a primarily folded b-turn,
accounting for 91% of the MSM population; and a disor-
dered turn, with the remaining 9% population as shown in
Fig. 5 a. Folded turn configurations show a protein-protein
hydrogen bond between the V9(O) and M12(H). In contrast,
disordered turn configurations have a solvent-exposed
V9(O) acting as a water hydrogen-bond acceptor. The
disordered loop states correspond approximately to the
near-native state recently described by Schwantes and
Pande (43) based on a different MSM derived from the
same MD trajectories. According to the new MSM, the
population of the near-native state is ~3.5%, somewhat
lower than our estimated value of 9%. To investigate how
these structures are reflected in the spectroscopy, the 140
Markov states were separated into two subensembles based
on their hydrogen-bond distance,
~rVM ¼
~rV9ðOÞ ~rM12ðHÞ;FIGURE 5 (a) Representative structures of the folded b-turn and disor-
dered turn conformations represented in the MSM of NTL91-39 overlaid
onto a cartoon structure of the Markov state with lowest RMSD to the
crystal structure. (Spheres) Carbonyls corresponding to the V9 and G13
residues. (Yellow dashes) The two folded hydrogen bonds. (Orange dou-
ble-headed arrow) The V9-M12 hydrogen bond used as the order parameter
to distinguish between folded and disordered turn structures. (b) V9-, G13-,
and V9G13-label spectra calculated for folded (solid) and disordered
(dashed) structures, respectively. (c) Scatter plot of the V9-G13 coupling
constant in wavenumbers as a function of rVM distance for the 140 states
in the MSM. (Circles are color-coded by the overall RMSD of each state
to the crystal structure.) To see this figure in color, go online.
Biophysical Journal 108(7) 1747–1757with folded and disordered configurations defined as those
with a distance of rVM < 3.5 A˚ and > 3.5 A˚, respectively.
Note that states A–D in Fig. 2 correspond to folded turn con-
figurations. The choice of order parameter is primarily moti-
vated by the electrostatic contributions from the different
atoms to the V9 C¼O frequency. Because the M12(H)
is the closest nonbonded atom to the C¼O unit, rVM is a
natural choice for the purpose of spectrally separating the
structural ensembles. The 3.5 A˚ cutoff is selected primarily
because it separates the two ensembles based on the V9-G13
coupling strength (Fig. 5 c).
Scatter plots in Fig. 6 a show the average number of V9(O)
protein-protein hydrogen bonds (nPP), including backbone
and side-chain contacts, and protein-water hydrogen bonds
(nPW) as a function of rVM. Here the geometric hydrogen
bond definition (rO$$$O < 3.5 A˚ and qOOH < 35
) was used
for all analyses. On average, the folded turn conformations
contain 1.7 protein-protein bonds, and only 0.2 protein-water
hydrogen bonds. The folded turn is not a typical b-turn with
a single (n þ 2/ n) hydrogen bond, but allows V9(O) to
accept two hydrogen bonds from the M12 and G13 amide
N-H. Increasing rVM beyond 3.5 A˚ leads to a decrease of
nPP along with an essentially linear increase of nPW. In the
disordered conformation, nPP (red) decreases to nearly
zero, but nPW (blue) only increases to ~1.3–1.5. Therefore,
the total number of hydrogen bonds nTOT ¼ nPPþnPW
decreases in the disordered configurations. Because the
number of hydrogen bonds accepted by the carbonyl is
correlated with the frequency of the residue, increasing
disorder is expected to blue-shift the labeled band. This
data is expressed as V9(O) solvent exposure (nPW/ nTOT) in
Fig. 6 b. Backbone solvent exposure in the b-turn is wellFIGURE 6 Hydrogen-bond analysis of the folded and disordered transi-
tions. (a) Total number of hydrogen bonds accepted by V9(O) separated
by protein-protein H-bonds nPP (red) and protein-water H-bonds nPW
(blue). (b) Plot of backbone exposure calculated as the ratio of protein-
water to total hydrogen bonds nPW/(nPP þ nPW). (Dashed lines) Linear
fits to guide the eye. (c) MSM showing states color-coded by rVM; (yellow)
folded states; (red) disordered states. To see this figure in color, go online.
Structural Disorder of Folded Proteins 1753correlated with rVM, indicating that only folded turns remain
protected from the solvent. Finally, in Fig. 6 c, the MSM
network diagram is color-coded by solvent exposure to
show that highly populated states are low-exposure folded
turn configurations, similar to the results shown in Fig. 2.
Fig. 5 b shows calculated V9, G13, and V9G13 spectra
based on folded (solid curves) and disordered (dashed
curves) subensembles. While the widths of the peaks are
similar, the folded turns show a ~2 intensity enhancement
that results from smaller frequency fluctuations of the
residues in protein-protein H-bonds. Analysis of the V9 fre-
quency distributions reveals a standard deviation of 7.0 and
8.5 cm1 for the folded and disordered turns, respectively.
In other words, disordered turn V9 exhibits ~20% larger fre-
quency fluctuations due to the high degree of backbone
exposure compared to the folded turn. Oscillator strengths
for the folded turn V9 are, on average, only 3% higher
than the disordered turn V9, revealing that the difference
in amplitude results almost exclusively from narrower
frequency distributions instead of increases in oscillator
strength. Similarly, the folded G13 peaks (gray curves) are
narrower and more intense compared to disordered turn
spectra. The interpretation is the same: folded-turn H-bonds
lock the G13 carbonyl into place, lowering solvent
exposure. G13 site energy analysis reveals a 12.2 and
15.0 cm1 standard deviation for the folded and disordered
configurations, respectively.
V9G13 dual label spectra (green curves) are most distinct
between the folded and disordered configurations. Without
vibrational coupling between the labeled oscillators, V9G13
spectra calculated for disordered configurations are similar
to the sum of the individual V9 and G13 spectra, but in the
folded turn, vibrational coupling results in a ~10–12 cm1
red shift and a large intensity increase. The same effect is
observed in the experiment where the V9G13 peak appears
more intense on the red side and less intense on the blue
side compared to V9. The differences between the two labels
are, however, smaller in the experiment than simulations.
Fig. 5 c shows a plot of the V9-to-G13 coupling, namely
the off-diagonal term in the Hamiltonian matrix that repre-
sents the degree of dipole-dipole coupling between these
two sites. The plot indicates that for folded turns, the coupling
is ~8 cm1, whereas, for a disordered turn conformation,
the coupling is practically zero. This analysis illustrates the
short-range nature of amide I vibrational couplings, serving
as essentially binary probes of protein contacts.
The calculated V9 band of the folded turn is centered
around 1598 cm1, whereas the disordered turn is centered
near 1600 cm1 (Fig. 5 b). The small shift can be explained
in terms of total hydrogen bonds. To a first approximation,
in the native state nTOT ¼ 2 and in the disordered state
nTOT ¼ 1.5, so nTOT decreases by 0.5, resulting in a
~7 cm1 frequency blue shift. The simulations tend to
overestimate the spectral shift induced by turn folding
(i.e., difference between V9 and V9G13 in simulatedspectra), which could be due to the fact that point dipole
interactions, which successfully capture long-range interac-
tions, may overestimate the degree of vibrational coupling
between two hydrogen-bonded residues.
Based on these simulations, we believe that the experi-
mental peaks (Fig. 4) centered at 1577 and 1592 cm1 corre-
spond to folded and disordered configurations, respectively.
The 15 cm1 difference between these two bands is most
likely because simulations underestimate the spectral shifts
between the two configurations. Using the intensities from
the simulations, we estimate populations of the two states
in experiment. Simulated spectra, which are normalized
to the main amide I band intensity, show an amplitude
ratio of 3.1 between the native and disordered peaks,
whereas experiments show a ratio of 4.5. Although we
cannot accurately quantify populations with this model,
the similarity between these two values indicates that a sig-
nificant fraction (>40%) of the experimental population
is disordered turns, compared to the 9% observed in the
MD simulation, indicating that simulations tend to oversta-
bilize folded turn configurations.
Solvent exposure at the G16- and G24-label positions
Next, we examine the solvent exposure at the G16 and
G24 positions by binning structures based on the average
number of protein-protein and protein-water hydrogen bonds
accepted by these carbonyls. For the purpose of analysis, we
consider structures that fall into two principal H-bond bins,
structures with nPP R 1 (folded, 89% of total population)
and structures with nPWR 1 (solvent-exposed, 1.4% of total
population). Interestingly, the degree of solvent exposure
appears to be uncorrelated to the global RMSD of the protein
with a correlation coefficient r ¼ 0.06 (not population-
weighted), or to rVM (r ¼ 0.23) indicating that disorder at
the G24 position is purely local in nature. Fig. 7 a shows con-
figurations randomly sampled from the two bins, and Fig. 7 c
shows the MSM network diagram color-coded by G24(O)
solvent exposure. The high nPP structures correspond to a
folded helix, where the G24(O) is hydrogen bonded to the
F29 amide, whereas the high nPW states feature a fully
exposed G24 carbonyl. Fig. 7 b shows a G24-label spectrum
for these two ensembles. The folded spectrum shows a peak
centered around 1600 cm1, whereas the solvent-exposed
spectrum only shows the low-frequency edge of the main
band. Analysis of the G24 site energies reveals that the
average residue frequencies (standard deviations) are 1608
(8.5) and 1610 (7.2) cm1 for solvent-exposed and folded
bins, respectively, indicating that the two peaks in the exper-
imental spectrum, 1587 and 1572 cm1, correspond to a
folded helix structure and a solvent-exposedG24 site, respec-
tively. In the spectral models, backbone flexibility con-
tributes to frequency fluctuation though nearest-neighbor
frequency shifts, which are calculated via 4/j angle maps
(37,38). In order to partially separate the individual contribu-
tions, solvent exposure, and backbone flexibility from theBiophysical Journal 108(7) 1747–1757
FIGURE 7 (a) Structures of the folded and solvent-exposed G24 config-
urations of the a-helix aligned to the lowest RMSD structure (black
outline). (Red) The G24 carbonyls. (b) Simulated diagonal 2D IR spectra
of the two conformations. The folded peak is more intense compared to
solvent-exposed conformations. (c) MSM color-coded by G24(O) solvent
exposure: nPW/nTOT. To see this figure in color, go online.
1754 Baiz and Tokmakoffresidue frequencies and disordered regions, we repeated the
frequency calculations without nearest-neighbor frequency
shifts. These frequencies (standard deviations) are 1614
(8.7) and 1599 (7.6) cm1 for solvent-exposed and folded
bins, respectively, indicating that the backbone orientation
compensates for the blue shift in solvent-exposed configura-
tions. Fluctuations are similar in both sets of simulations,
suggesting that the broadness of the line shapes in the G24
spectra originates primarily from solvent exposure.
In the case of G16, which resides in a partially disordered
region immediately preceding the third b-strand, we find
an average of 1.1 protein-water H-bonds and negligible
protein-protein H-bonds, indicating that G16 remains fully
solvent-exposed in all structures. These results are not
surprising because in the crystal structure, the residue
does not display protein-protein hydrogen bonds. Compared
with G24, the G16 spectrum has additional intensity on the
blue side (Fig. 4), pointing toward a more solvent-exposed
backbone at this site.
Finally, it is important to compare the frequency shifts
observed for V9 versus G24. In the second label, solvent-
exposed configurations are red-shifted compared to the
native helix conformation, whereas the opposite trend is
observed in the case of V9. These can be interpreted by
considering the total number of hydrogen bonds: in the
case of G24, the C¼O accepts a single hydrogen bond
from its partner in the helix, whereas in partially solvent-
exposed configurations water molecules participate in
additional hydrogen bonds, thus red-shifting the residue
frequency. The opposite trend is observed for V9, where
folded configurations display two stable protein-protein
hydrogen bonds across the b-turn, but only ~1.5 protein-
water hydrogen bonds in the solvent-exposed structures,
explaining the blue shift observed in the spectrum.Biophysical Journal 108(7) 1747–1757DISCUSSION
Structure and stability of folded NTL91-39
The experimental spectra are consistent with a structure
that has the overall topology in Fig. 1, and point toward a
well-folded b-sheet, a significant population of disordered
backbone configurations in the b-turn, and partially disor-
dered residues in the a-helix region. In the experiments,
the sharp V3 peak indicates that the residues in b-strands
I and II are in rigid hydrogen-bonding configurations with
little heterogeneity. In contrast, the breadth and red shift
of V9 and V9G13 spectra indicate that a significant fraction
(>40%) of the b-turn population resides in disordered
and solvent-exposed configurations. The two-peak structure
observed for G24 indicates that the first turn of the helix
adopts different hydrogen-bonding conformations, perhaps
with solvent-exposed carbonyl configurations similar to
previous observations for exterior-facing residues of a3D
(44,45). Spectra for G16 show broad line shapes as a result
of disorder and solvent exposure.
Simulations of these spectra using Markov states and
other subensembles allow us to build an atomistic picture
for the conformations in the folded state that are consistent
with experiment. Overall, simulations show a well-folded
structure with 66% of the population in four low-RMSD
that are distinguishable only by low-amplitude hinging
motions of the b-turn. The remaining 34% of the population
has significant configurational freedom, with RMSD values
of up to 5 A˚. Folded b-sheets characterized by the hydrogen
bond at the V3 position are apparent in >99% of the popu-
lation, and these populations lead to excellent agreement
with experiment. Spectra calculated for other sites indicate
that MD simulations underestimate their disordered popula-
tions. The MD simulations show a tightly folded b-turn with
only ~9% of the population in disordered configurations,
whereas our experimental assignment shows a >40% popu-
lation of disordered turns. Similarly, solvent-exposed helix
turns at G24 constitute 1.4% of the total MSM population,
but experiments suggest considerably higher variation in
the helix structure. We were unable to assign specific con-
formations to the G16 line shapes, but the breadth indicates
significant disorder and solvent exposure for this carbonyl.
Beyond the few lowest-RMSD states, measures of protein
disorder in the a-helix and b-loop regions and for the entire
protein appear to be uncorrelated, indicating that the disor-
der arises from local fluctuations with a short correlation
length.
Taken together, these results suggest a force field that
results in overstabilized structures in the native-state
ensemble. However, a one-to-one comparison between
simulation and experiment must take into account the
following differences in conditions: simulations were car-
ried out on the K12M mutant, a mutation near the center
of the loop region that destabilizes the unfolded state with
respect to wild-type raising Tm by 18
C. This mutation
Structural Disorder of Folded Proteins 1755could partially account for the overstabilization of the native
b-turn configurations in the simulations. Additionally,
simulations were run near Tm (for K12M), with multiple
folding and unfolding events, yet a coarse separation of
the free-energy surface folded and disordered ensembles
reveals a folded to unfolded equilibrium constant of ~4
(see Baiz et al. (34)), implying that simulations overstabilize
the native state ensemble over denatured states. In contrast,
experiments were run on wild-type NTL91-39, and at 15
C
below Tm (for WTat pH¼ 2.2) with an equilibrium constant
of >10. Experimental conditions should therefore favor
low-RMSD configurations, although the connection be-
tween stability (Tm) and backbone flexibility is unclear.
Finally, it is important to consider the difference in pH be-
tween simulation and experiment. In addition to changes
in protein stability, differences in side-chain protonation
could alter the electrostatics at the labeled residues and
thus shift their frequencies. These pH changes should be
taken into consideration in order to get quantitative agree-
ment between simulation and experiment.
These results also add further insight into our previous
study of NTL91-39 folding, which was carried out with the
full MSM and T-jump protein folding experiments (34).
The earlier study, which was rooted in spectral simulations
of the fully coupled amide-I vibrations rather than site-spe-
cific labels, concluded that the overall changes in calculated
2D IR spectra associated with the global unfolding were
consistent with changes observed in experimental spectra.
While the earlier work provided evidence for a well-folded
secondary structure, these new studies present fresh evi-
dence of backbone solvent exposure that depends on
position. Our present interpretation of a stable b-sheet in
the MSM appears to be consistent with previous con-
clusions. Comparing results for the helix suggests that the
overall secondary structure is retained in the folded state,
but with a significant degree of backbone solvation in the
G24 region. This finding points to the importance and power
of a full self-consistent analysis of infrared spectroscopy
with and without isotope editing strategies.
Further examination of the MSM provides additional
predictions regarding the folding mechanism of NTL91-39.
A more recent MSM built by Schwantes and Pande (43)
from the same MD trajectories showed that 17% of the
flux is channeled through near-native states that have
a secondary structure similar to the folded state, but
which display nonnative side-chain contacts. These states
closely resemble the disordered b-turn states described
here, suggesting that the turn likely plays a significant
role in folding. In addition, the K12M mutation in the
b-turn, which is observed to significantly destabilize
nonnative states, is observed to participate in the hydro-
phobic core of the protein. T-jump unfolding experiments
with isotope labels in the b-turn would elucidate the rela-
tionship between b-turn disorder and the global folding
coordinate.Isotope-edited 2D IR spectroscopy
as a structural tool
Our results show that isotope-edited 2D IR spectroscopy and
structural modeling based on MD simulations is a promising
technique for investigating protein structure in solution.
Similar to methods used in magnetic resonance, a self-
consistent analysis of multiple structural restraints from
site-specific experiments drawing on trial protein structures
can be used to determine the most probable structure.
However, as a method that captures picosecond snapshots,
2D IR spectra can potentially be extended to characterizing
structural heterogeneity, for instance in the study of intrinsi-
cally disordered protein structure (31). Our current analysis
of experiments is qualitative, focusing on general correla-
tions between structure and amide I frequency shifts and
intensities. Further steps will be needed in order perform
quantitative analyses of structural distributions or to build
structural ensembles consistent with experiment, most of
which are of a theoretical or computational nature.
Of primary importance is the need for quantitatively
accurate spectral models. Similar to electronic structure cal-
culations, as of this writing, spectral simulations are useful
not as a one-to-one comparison with experiment, but to aid
in interpreting the molecular origin of the observed spectra.
Spectral models that accurately capture frequency variations
in different environments would be essential for quantitative
interpretation of experimental spectra. Differences between
experimental and simulated spectra of NTL91-39 highlight
the challenges associated with applying contemporary
electrostatic models to small proteins. Notably, peaks in
the simulated spectra appear somewhat broader and blue-
shifted compared to experiment. The peak-width differences
could be, in part, attributed to motional narrowing, which is
not captured by the static models used here. Although the
electrostatic map approach has shown excellent agreement
with experiment for small peptides (31,46,47), Ganim and
Tokmakoff (48) pointed out some general shortcomings
that appear to be systematic. Peaks are often blue-shifted
with respect to experiment because maps underestimate
the solvent-induced frequency shift relative to the gas phase,
and the dynamical effects that give rise to line broadening
(motional narrowing) are often ignored. Furthermore, sys-
tematic studies of vibrational interactions between amide
I groups are needed to improve our understanding of the
through-bond and through-space coupling mechanisms.
With an accurate spectral model, one can turn toward
methods for comparing to trial structures. This will require
strategies for identifying statistically meaningful trial
structures, which makes the MSM approach particularly
appealing. As of this writing, clustering of MSMs relies
on structures from MD snapshots, but the fact that IR spec-
troscopy probes site energies and couplings suggests MSMs
could be reencoded into more spectroscopically compatible
variables, to more intuitively map structure-frequencyBiophysical Journal 108(7) 1747–1757
1756 Baiz and Tokmakoffrelationships in proteins. Further, methods will be needed to
score the information content of an IR spectrum. The
frequency and line shape of labeled vibrations or the main
amide I band may form strong or limited restraints on a
structure. To what extent does a sequence of amide I fre-
quencies restrain a structure, or distinguish between con-
formers? A statistical approach to this analysis will be
required to refine structural ensembles. Strategic selection
of specific sites for labeling can be used to design maxi-
mally informative experiments.
In principle, the information content that we extracted
from our two-dimensional spectra in this study was also
available from traditional FTIR spectroscopy. However,
the structural interpretation becomes significantly more
challenging in practice. The primary advantage is that 2D
IR is not affected by solvent absorptions as much as
FTIR, and therefore complex difference spectroscopy is
not required. This is particularly challenging when con-
ducting specific isotope-labeling studies for large proteins
and low concentrations. The same nonlinear effect that
suppresses low transition dipole moments in 2D IR spectra
also serves to sharpen the resonances of the isotope labels.
However, 2D IR has its own unique challenges, including
that peak heights are not straightforwardly related to popu-
lations, data acquisition times are significantly longer than
FTIR, and spectral calculations are significantly longer.CONCLUSIONS
In summary, isotopic substitutions were used to characterize
the hydrogen-bonding environments at different positions
along the backbone of NTL91-39 and demonstrate how
significant backbone flexibility can be observed for a well-
folded protein. The b-loop region in particular, V9 and
V9G13, is characterized by a large population of partially
disordered states with a fully solvent-exposed backbone.
Surprisingly, we observe that the a-helix configurations
(G24) still display considerable disorder.
The information content in 2D IR on protein structural
heterogeneity and disorder has potential to be used in a
variety of contexts, for instance in studies of conforma-
tional selection (49,50) or intrinsically disordered proteins
(4,51–53). Lacking a well-defined secondary structure,
some proteins exist as an ensemble of rapidly interconvert-
ing structures that play an active role in biology. Experimen-
tally characterizing protein dynamics has been especially
challenging for biophysical methods because crystallog-
raphy and NMR often reinforce a static, structurecentric
view of proteins. A more complete physical description of
a protein would not only include the dominant equilibrium
conformations but also the free-energy surface around and
connecting these minima. Spectra presented here serve to
visualize the principal structures that compose the native
ensemble, but leave open questions related to kinetics. We
expect that, assisted by simulations, T-jump 2D IR experi-Biophysical Journal 108(7) 1747–1757ments on isotope-labeled samples could provide a detailed
experimental characterization of the complex free-energy
landscape of small proteins (54).
Until recently, points of comparison between simulation
and experiment have been at the level of equilibrium struc-
tures and folding kinetics. As a result, force fields are built
to stabilize secondary structures, and thus may fail to prop-
erly sample the configurational space of the protein. Our
study illustrates how experimental data can be used to test
and improve force fields or aid in developing new experi-
mentally compatible methods for interpreting structural
variation seen in MD simulations. In conclusion, we believe
that the synergy among state-of-the-art MD simulations,
spectral modeling, and ultrafast IR spectroscopy will deliver
an intuitive view of proteins beyond average equilibrium
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